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PKC-Induced Intracellular Trafficking of CaV2 Precedes Its
Rapid Recruitment to the Plasma Membrane
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Activation of protein kinase C (PKC) potentiates secretion in Aplysia peptidergic neurons, in part by inducing new sites for peptide release
at growth cone terminals. The mechanisms by which ion channels are trafficked to such sites are, however, not well understood. We now
show that PKC activation rapidly recruits new CaV2 subunits to the plasma membrane, and that recruitment is blocked by latrunculin B,
an inhibitor of actin polymerization. In contrast, inhibition of microtubule polymerization selectively prevents the appearance of CaV2
subunits only at the distal edge of the growth cone. In resting neurons, CaV2-containing organelles reside in the central region of growth
cones, but are absent from distal lamellipodia. After activation of PKC, these organelles are transported on microtubules to the lamelli-
podium. The ability to traffic to the most distal sites of channel insertion inside the lamellipodium does, therefore, not require intact actin
but requires intact microtubules. Only after activation of PKC do CaV2 channels associate with actin and undergo insertion into the
plasma membrane.
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Introduction
Changes in neuronal excitability and neurotransmitter release
regulated by protein kinases underlie many prolonged changes in
behavior (Baines, 2003; Emoto et al., 2004; Fadool et al., 2004; Lin
et al., 2004). An example of this occurs in bag cell neurons
(BCNs) of Aplysia californica, which, in response to brief stimu-
lation, undergo long-lasting changes in excitability and secretion
that alter reproductive behaviors (Conn and Kaczmarek, 1989).
These changes are caused by activation of protein kinases that
modulate ion currents, enlarge secretory endings and cause
movement of secretory granules to sites adjacent to calcium
channels, in preparation for neuropeptide release (Kaczmarek et
al., 1980; Azhderian and Kaczmarek, 1990; Fisher and Kacz-
marek, 1990; Wilson and Kaczmarek, 1993; Jonas et al., 1997;
Wayne et al., 1999).

One component of the response of BCNs to stimulation is the
activation of protein kinase C (PKC) (DeRiemer et al., 1985;
Strong et al., 1987; White et al., 1998). This enzyme rapidly in-
creases calcium current and expands growth cones, which, after
coactivation of other kinases, become secretory endings packed
with neuropeptide granules (Forscher et al., 1987; Knox et al.,
1992). BCNs contain two physiologically characterized calcium
channels (CaV1, CaV2), one of which (CaV2) is normally localized
to intracellular vesicles and is sensitive to PKC (White et al.,
1998). Activation of PKC with phorbol esters or diacylglycerols

rapidly and reproducibly enhances voltage dependent calcium
current by twofold to threefold (DeRiemer et al., 1985; Strong et
al., 1987; Jonas et al., 1996).

In channel recordings at the soma, the increase in current
produced by activation of PKC is associated with the appear-
ance of a new 24 pS calcium conductance (Strong et al., 1987).
CaV2 is normally located intracellularly throughout the soma
and in the central region of growth cones (White and Kacz-
marek, 1997). Previous work has suggested that enhancement
of calcium current could result from translocation of intracel-
lular CaV2 into the plasma membrane at the soma and the
distal edge of growth cones. Fura-2 calcium imaging showed
that activation of PKC produces new sites of calcium entry in
BCNs at the very distal tips of neurites (Knox et al., 1992),
where neuropeptide secretion is believed to occur (Tulsi and
Coggeshall, 1971).

Cytoskeletal elements are responsible for localization of
channels to the plasma membrane (Levina et al., 1994; Smith
et al., 1995; Huang et al., 2002; Schubert and Akopian, 2004).
In BCNs, activation of PKC causes its translocation to the
plasma membrane where it binds actin (Nakhost et al., 1998),
suggesting that cytoskeletal dynamics play a role in down-
stream actions of PKC. We now show that, after PKC activa-
tion, the CaV2 channel, which resides within the central region
of the growth cone in resting neurons, is transferred from
microtubules to actin inside the lamellipodium at the distal
growth cone edge, and then inserted at this location into the
plasma membrane. The insertion of the CaV2 channel is de-
pendent on the function of actin monomers. These events are
part of the transformation of growth cones into mature neu-
rosecretory endings (Knox et al., 1992).
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Materials and Methods
Animals and cell culture. Adult Californica weighing 100 –200 g were ob-
tained from Marine Specimens Unlimited (San Francisco, CA) or Mari-
nus (Long Beach, CA). Animals were housed in a �400 L aquarium
containing continuously circulating, aerated Instant Ocean (Aquarium
Systems, Mentor, OH) salt water at 14°C on an �12 h light/dark cycle
and were fed romaine lettuce three times a week. All experiments were
performed at room temperature (18 –20°C). For primary cultures of iso-
lated bag cell neurons, animals were anesthetized by an injection of iso-
tonic MgCl2 (�50% of body weight); the abdominal ganglion was re-
moved and treated with neutral protease for 18 h at 18 –20°C (13.33
mg/ml; Boehringer Mannheim, Indianapolis, IN) and dissolved in nor-
mal artificial seawater (nASW); the nASW was composed of (in mM) 460
NaCl, 10.4 KCl, 11 CaCl2, 55 MgCl2, 15 HEPES, 1 mg/ml glucose, 100
U/ml penicillin, and 0.1 mg/ml streptomycin, with pH adjusted to 7.8
with NaOH. The ganglion was then transferred to fresh nASW, and the
bag cell neuron clusters were dissected from their surrounding connec-
tive tissue. Using a fire-polished Pasteur pipette and gentle trituration,
neurons were dispersed in nASW onto 35 � 10 mm polystyrene tissue
culture dishes (Corning, Corning, NY). Cultures were maintained in
nASW for 1–3 d in a 14°C incubator.

Electrophysiology. To measure the voltage-dependent Ca 2� current,
isolated bag cell neurons were bathed in isomotic-substitued ASW, in
which NaCl and KCl were replaced with 460 mM tetraethylammonium
chloride (TEA-Cl) and 10.4 mM CsCl. Ba 2�currents were recorded by
substituting BaCl2 for CaCl2. Inward currents can be studied in relative
isolation using this solution (Kaczmarek and Strumwasser, 1984). The
pipette solution was 3 M KCl, the pipette resistance was 3–10 M�. The
membrane potential was held at �55 mV and then depolarized to poten-
tials between �25 and �25 or �35 mV (300 ms pulses; 5 s interpulse
intervals). Data were acquired with an Axoclamp 2A (single-electrode
voltage-clamp mode) amplifier. Data were digitized, stored, and ana-
lyzed using Clampex 8.1 (pClamp). Current measurements were made at
peak inward current.

Biotinylation of surface CaV2 and CaV1 proteins. Surface protein was
detected using previously described methods (Ennion and Evans, 2002)
with slight modifications. Intact clusters of bag cell neurons from adult
Aplysia (150 –250 g) were incubated for 18 h at room temperature in
nASW containing 1% dispase. Experimental clusters were treated with
100 nM 12-O-tetradecancyl-phorbol-13-acetate (TPA; for 30 min,
whereas untreated contralateral clusters from the same animals served as
controls. Clusters were incubated with Sulfo-NHS-LC-Biotin (1 mg/ml;
Pierce, Rockford, IL) in nASW for 30 min at room temperature. After
washing, clusters were homogenized at 4°C in lysis buffer and centrifuged
(16,000 � g for 2 min). Streptavidin agarose beads (50 �l, Pierce) were
added to the supernatant which was shaken overnight at 4°C. After re-
peated washing, 40 �l of sample buffer containing 100 mM DTT was
added and the beads rotated at 20°C for 2 h to cleave the beads from
channel protein. After centrifuging at 16,000 � g for 2 min, 45 �l of the
supernatant was separated by SDS-PAGE. Protein concentrations were
assayed using a Bio-Rad (Hercules, CA) protein assay and equal amounts
of proteins were added to each lane. Precision Plus protein Standards
(Bio-Rad) were used as the protein molecular weight markers. Proteins
were transferred from the gels to polyvinylidene difluoride (PVDF)
membranes, and then probed with rabbit anti-Aplysia CaV2 calcium
channel (1:200) or rabbit anti-Aplysia CaV1 calcium channel antibodies
(1:200). The secondary antibody was donkey anti-rabbit Ig, horseradish
peroxidase-linked whole antibody (1:5000; GE Healthcare Bio-Sciences,
Piscataway, NJ). Labeled proteins were visualized by enhanced chemilu-
minescence (GE Healthcare Bio-Sciences).

Antibody production and purification. A peptide was synthesized to
generate antibody against the cloned partial calcium channel sequence
(White and Kaczmarek, 1997). This peptide (CXSEHYNQPEWFVD-
FLYITE) included 18 aa near the N-terminal extracellular domain be-
tween membrane spanning regions S1 and S2 of domain I (see Fig. 2 A).
This sequence is 75% identical to that of the mammalian CaV2.1 channel.
The peptide was synthesized at the W. M. Keck Biotechnology Resource
Center, Yale University (New Haven, CT). The X in the sequence repre-

sents aminocaproic acid, which acted as a spacer molecule between the
specific sequence and a nonspecific N-terminal cysteine, which allowed
conjugation of peptides to the keyhole limpet hemocyanin (KLH) pep-
tide. KLH, in turn, acted as a carrier for antigenic peptide in the genera-
tion of chicken polyclonal IgY, which was performed by Aves Labs
(Tigard, OR). Antibody was precipitated using saturated ammonium
sulfate. Antibody specificity with respect to preimmune IgY was verified
with an enzyme-linked immunoabsorbent assay using the antigenic pep-
tide, and antibody binding could be blocked by preabsorption with ex-
cess antigen.

Immunoprecipitation. Bag cell neuron clusters were dissected from 200
to 250 g animals in high-Mg 2� dissecting seawater (Eisenstadt et al.,
1973). The clusters were pooled in groups of three and placed in 35 mm
dishes containing nASW. Three groups of clusters were used to test
whether CaV2 and tubulin coassociate before and after activation of PKC
by treatment with TPA (100 nM) (Sigma, Oakville, Ontario, Canada), or
TPA in the presence of 1 �M bisinodolylmaleimide (BIS; Sigma), an
inhibitor of PKC. Three additional groups of clusters were used to test the
association between CaV2 and actin: One group served as the control, the
second group was treated with TPA (100 nM), and the third group was
pretreated with BIS, before adding TPA. The clusters were then incu-
bated for 30 min at room temperature. The clusters were homogenized in
400 �l of buffer (1% Lubrol, 50 mM Tris-HCl, pH 7.4, 10 nM Na-
orthovanadate, 30 mM Na-pyrophosphate, 50 mM NaF, 20 �M ZnCl2, and
0.25 mM PMSF, containing protease inhibitor mixture; Roche) in glass-
glass tissue grinders for 3 min on ice. Samples were then centrifuged at
100,000 � g for 30 min. The supernatants were collected and transferred
to 1.5 ml Eppendorf (Hamburg, Germany) tubes. Tubes were incubated
at 4°C with rotation overnight after addition of 1 �g of purified intracel-
lular anti-CaV2 calcium channel antibody (White and Kaczmarek, 1997)
or addition of anti-IgG (either anti-rabbit for tubulin or anti-mouse for
actin; The Jackson Laboratory, Bar Harbor, ME). After adding 30 �l
protein A-Sepharose beads [50% (v/v) in Triton X-100 buffer; Sigma] the
samples were rotated at 4°C for 2 h, and the immunoprecipitates were
collected by centrifugation at 3000 � g for 1 min and washed twice in 800
�l of Triton X-100 buffer. The samples were applied to SDS-acrylamide
gels. For the immunoblotting, the SDS gel-electrophoresed proteins were
transferred to immunoblot PVDF membrane (Bio-Rad). Nonspecific
binding was blocked by incubating the blot in Tris-buffered saline with
Tween 20 (TBST) buffer with 5% milk for 1 h at room temperature. Blots
were incubated with anti-tubulin antibody (1:500) developed in mouse
(Sigma) or anti-actin antibody (1:400) developed in mouse for total
protein lanes 1–3 and CaV2 IP lanes 1–3 (see Fig. 8 B, right) or anti-actin
developed in rabbit (1:200) for total protein (labeled total and IgG IP)
(see Fig. 8 B, left) (Sigma) overnight at 4°C, then washed four times for 30
min each, followed by application of secondary antibodies [horseradish
peroxidase linked anti-mouse Ig (GE Healthcare Bio-Sciences) at 1:5000
dilution or anti-rabbit IgG (GE Healthcare Bio-Sciences) at 1:10,000
dilution for 1 h at room temperature]. After three washes of 30 min each
in TBST, immunoreactive proteins were visualized with detection re-
agent (GE Healthcare Bio-Sciences).

Immunocytochemistry. Staining of cultured bag cell neurons was per-
formed on coverslips coated with 1 �g/ml poly-D-lysine (Sigma). Bag cell
neurons were cultured in nASW for 1–2 d before fixation with 4% para-
formaldehyde in 400 mM sucrose/nASW, as described previously (White
and Kaczmarek, 1997). Three milliliters of fixative solution were then
rapidly superfused into the central well, and fixation was allowed to
continue for 25 min before the addition of Triton X-100 (0.3%). In
experiments using the antibody to the extracellular epitope, the perme-
abilization step was omitted. Nonpermeabilized cells were not immuno-
reactive with an anti-tubulin antibody that only binds to an intracellular
epitope (n � 2) (see Fig. 4 E). Culture dishes were then washed twice with
PBS and blocked with 5% goat serum/PBS before incubation with pri-
mary antibodies. Coverslips were removed from the culture dishes, in-
verted on 100 �l of primary antibody solution, and placed in a humidi-
fied chamber at 4°C overnight. The primary antibody concentration was
used as 1:200 intracellular CaV2 calcium channel antibody in 5% goat
serum/PBS or extracellular CaV2 calcium channel antibody, 1:100. For
experiments with Na �-K � ATPase �2, antibody was used at 1:500 (BD
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Biosciences, Franklin Lakes, NJ). After overnight incubation, the cover-
slips were washed extensively with PBS and then incubated for 2 h at
room temperature with fluorescein or Cy3-conjugated goat anti-rabbit
IgG secondary antibodies (FITC-G�RigG or Cy3-G�RigG, respectively;
Invitrogen, Carlsbad, CA), or fluorescein-conjugated goat anti-chicken
IgG secondary antibodies (FITC-GaCigG; Invitrogen). For Na �-K �

ATPase �2, secondary antibody was FITC-conjugated anti-mouse IgG
(Invitrogen). Coverslips were washed and mounted on glass slides using
mounting medium. The stained slides were viewed and photographed
using standard epifluorescence and differential interference contrast or
phase optics using an Axiovert 200 microscope and Axiovision software
(Zeiss, Oberkochen, Germany). All fluorescent images of the antibody to
the extracellular domain were made with the same exposure time. Mea-
surements of fluorescence were made by converting the Axiovision files
to TIFF files. Regions of interest (ROIs) were defined (4 –25 �m 2) using
Adobe (San Jose, CA) Photoshop 7.0 and the average pixel intensity for
each ROI was calculated. Background intensity measured from an area of
the image devoid of cells was subtracted from each measurement. An area
of maximum fluorescence in each part of the cell under study was used to
create the ROI. In ROIs made of the distal growth cone, an area of
maximum fluorescence just at the edge of the lamellipodium was used to
create the ROI. To compare the fluorescence near the edge of the lamel-
lipodium to that of the central region of the growth cone in Figure 5 a
ratio was made of the intensity of fluorescence of the ROIs from the two
sites. Raw data were used for all measurements.

GripTite 293 macrophage scavenger receptor (MSR) cells were cul-
tured as indicated by the manufacturer (Invitrogen) and supplemented
with 1% (v/v) penicillin–streptomycin antibiotic solution (Sigma). Cells
were transfected using the calcium phosphate method with 6.7 �g of
either Lymnaea stagnalis LCaV1 channel (Spafford et al., 2006) or LCaV2
channel (Spafford et al., 2003) �1 subunits in phosphorylated internal
ribosomal entry site-enhanced green fluorescent protein (pIRES2-
EGFP) vector (Clontech Laboratories, Mountain View, CA) plus 6.7 �g
of rat �1 subunit in pMT2 and 6.7 �g of rat �2� in pMT2. Transfected
cells were subsequently washed with PBS and detached using trypsin-
EDTA solution (Sigma). Transfected cells were combined 1:1 with un-
transfected cells and these preparations were incubated at 28°C for 5 d in
culture dishes containing coverslips coated with 0.1 mg/ml poly-L-lysine
(Sigma). After incubation cells were washed twice with warm PBS and
fixed with 1% paraformaldehyde in PBS preheated to 37°C at room tem-
perature for 2 h then 4°C overnight. After fixation cells were washed twice
with PBS then once with PBS and 0.2% Tween 20 (PBS-T) and once with
PBS-T containing 1% BSA (PBS-T 1% BSA). Cells were then blocked
with PBS-T 3% BSA and incubated at room temperature for 2 h. Satu-
rated ammonium sulfate-precipitated chicken anti-Aplysia CaV2 anti-
bodies were diluted 1:200 in PBS-T 3% BSA and cells were incubated
with primary antibody solution overnight at 4°C. For controls lacking
primary antibody, coverslips were incubated in PBS-T 3% BSA lacking
antibody. Cells were washed three times, 20 min per wash, with PBS-T
3% BSA then blocked with PBS-T 5% BSA for 45 min. Cells were then
incubated for 45 min at room temperature with Alexa Fluor 633 goat
anti-chicken IgG (heavy and light) (Invitrogen) secondary antibody di-
luted 1:5000 in PBS-T 3% BSA, then washed three times with PBS-T and
1 � with PBS. Coverslips were dried at 37°C for 30 min and mounted
onto glass slides using FluorSave Reagent (Calbiochem, La Jolla, CA and
EMD Chemicals, San Diego, CA). Images were captured using a Zeiss
LSM 510 META confocal microscope and Argon/HeNe lasers to excite
samples at 488 and 633 nm, respectively. Detection was performed be-
tween 505 and 530 nm for EGFP and �650 nm for the Alexa Fluor 633
dye. Zeiss LSM 510 META software was used to acquire and adjust the
brightness and contrast of all images.

Live cell imaging. The rabbit CaV2 calcium channel antibody was con-
jugated with fluorescent probe Alexa Fluor 594 according to the manu-
facturer’s instructions (Invitrogen). Briefly, calcium channel antibody (2
mg/ml) was mixed with a succinimidyl ester moiety of Alexa Fluor 594
for 1 h at room temperature to form a stable dye-protein combination.
The labeled protein was purified by using column chromatography pro-
vided with the kit, resulting in separation of the conjugated protein from
the free dye. Cultured bag cell neurons were incubated with 250 nM

Tubulin Tracker (Invitrogen) for 30 min and then thoroughly washed.
Pressure injections of the fluorescence-labeled calcium antibody were
made into the tubulin-labeled cells (typically 1–10 pulses; 100 ms, 5 psi)
using a Picospritzer (General Valve, Fairfield, NJ). Injection solutions
contained 11 mM Tris-Cl, pH 7.2, 530 mM potassium acetate. Control
cells were injected with secondary anti-rabbit Cy3 (594 nm) in injection
solution. Images of injected cells were captured using a Zeiss Axiovert
microscope equipped with an Argon/HeNe laser.

Actin staining. For fluorescent staining of the actin cytoskeleton, cells
were fixed on glass coverslips with 4% freshly made paraformaldehyde in
isotonic ASW supplemented with 400 mM sucrose, pH 7.8 (Lin and For-
scher, 1993). After fixation, cells were permeabilized for 10 min in fixa-
tion buffer plus 1% Triton X-100, washed with PBS, and stained with
Alexa Fluor 488-conjugated phalloidin (Invitrogen) in PBS. Cells were
then washed with PBS, exposed to 5% goat serum albumin-PBS, followed
by purified rabbit intracellular antibody anti-calcium channel, washed
with PBS, exposed to Cy3 conjugated goat anti-rabbit secondary anti-
body (Invitrogen), then washed with PBS. One drop of AquaMount was
placed on each glass slide before applying a coverslip.

Results
Enhanced calcium current results from insertion of CaV2
channels into the plasma membrane
Previous data has shown that the PKC activator TPA increases
calcium currents and enhances the calcium component of action
potentials in BCNs (DeRiemer et al., 1985). These actions of TPA
are mimicked by the structurally unrelated diacylglycerol activa-
tors of PKC and by direct microinjection of this enzyme, and can
be prevented by PKC inhibitors including pseudosubstrate pep-
tide inhibitors (Conn and Kaczmarek, 1989; Conn et al.,
1989a,b). Cell-attached patch recordings at the soma also dem-
onstrate that, in response to activation of PKC, a new species of
calcium channel that has a different conductance from that ob-
served in untreated neurons can be detected (Strong et al., 1987).
Confirming previous work, we found, using single-electrode
voltage-clamp recording, that treatment of cells with TPA caused
an approximately twofold increase in peak amplitude of calcium
currents elicited by a series of depolarizing pulses (Fig. 1A) (from
1.11 � 0.1 nA to 1.98 � 0.2 nA; p 	 0.0001; n � 19). These
electrophysiological results confirmed that the calcium current,
which likely reflects channel activity at the soma and proximal
neurites, was modulated by PKC, but did not address whether
channel was being inserted into the membrane during the process
of current enhancement. We therefore tested whether new cal-
cium channels could be detected in the plasma membrane after
TPA treatment using biotinylation of surface Ca 2� channel sub-
units and by immunocytochemical techniques.

In BCNs, two species of calcium channel can be differentiated
by specific antibodies. CaV2 localizes to intracellular organelles
and is enriched in the central region of the growth cone (Nick et
al., 1996; White and Kaczmarek, 1997). The other �-subunit,
CaV1, which appears to be responsible for the calcium current
that can be recorded in the absence of PKC activation, is localized
predominantly to the soma plasma membrane by immunocyto-
chemistry and very little intracellular staining for CaV1 is detected
(White and Kaczmarek, 1997). Surface biotinylation of proteins
in clusters of intact bag cell neurons was used to detect levels of
these two channel subunits in the presence and absence of TPA
(Fig. 1B). Little CaV2 immunoreactivity could be detected in the
surface proteins of control untreated clusters. In contrast, treat-
ment with TPA for 30 min produced a marked increase in levels
of the CaV2 subunit at the surface. Densitometric analysis indi-
cated that levels of CaV2 at the plasma membrane increased more
than threefold (Fig. 1C). When the preparations of surface pro-
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teins were probed with antibody for CaV1, no change in surface
expression was detected after TPA treatment (Fig. 1B,C).

To confirm further that the intracellular CaV2 channel is in-
serted into the plasma membrane after activation of PKC, and to
locate sites of insertion, we generated an antibody against an
extracellular epitope between membrane spanning regions S1
and S2 in domain II of the Aplysia CaV2 channel (Fig. 2A) (White
and Kaczmarek, 1997). On Western blots of homogenates of bag
cell neurons, this antibody recognized a band of 205 kDa, the
appropriate size for the CaV2 channel (Fig. 2B). As a further test
for specificity of this antibody, we transfected mammalian Grip-
Tite 293 MSR cells with the Lymnaea CaV2 channel (Spafford et
al., 2003; Spafford et al., 2004), which differs from the Aplysia
CaV2 channel in only 2 of the 18 aa of the sequence against which
the antibody was generated [SEHYNQPEWHVQFLYITE (Lym-
naea) vs SEHYNQPEWFVDFLYITE (Aplysia)]. Cells were also
transfected with the full-length Lymnaea CaV1 channel (Spafford
et al., 2006). These channels were expressed in the pIRES2 bicis-
tronic vector, where EGFP is coupled to the mRNA of LCaV2 and
LCaV1, allowing ready visualization of transfected cells. Immu-
noreactivity to the extracellular epitope of CaV2 was selectively
observed in LCaV2 expressing cells that were either nonperme-
abilized (Fig. 2C, top row) (n � 2 experiments) or permeablized

(n � 6) (data not shown) but was absent in LCaV1 expressing cells
(Fig. 2C, bottom row). No staining was observed in LCaV2 trans-
fected cells in the absence of primary antibodies (Fig. 2C, center
row).

We used the antibody to the extracellular epitope to localize
CaV2 channels only as they appeared on the surface of the plasma
membrane in nonpermeabilized BCNs. Exposure to an activator
of PKC for short periods of time (5–30 min) expands the distal
edge of the lamellipodium but does not increase the number of
neuritic branches (Knox et al., 1992). Activation of PKC by TPA
caused an enhancement of intensity, and an alteration in distri-
bution, of plasma membrane CaV2 immunofluorescence in
treated cells compared with control, untreated cells (Fig. 2D,E).
At low magnification, after activation of PKC, fluorescence inten-
sity was increased in the soma and in the neurites, highlighting
distal regions of the cell that were present but had not been
stained in control cells (Fig. 2D). At increased magnification,
where only the neurites were imaged, fluorescence could be seen
in the most distal growth cone edge with much greater frequency
in TPA treated cells compared with controls (Fig. 2E). Measure-
ments were made of the intensity of the fluorescence in control
and TPA treated cells prepared from the same bag cell clusters.
The average pixel intensity of fluorescence at the distal tips of the
growth cones in control cells was 0.76 � 0.29 (n � 8), whereas
that in TPA treated cells was 7.76 � 1.2 (n � 17, p 	 0.0005) (see
Fig. 4F). These findings confirmed the appearance of new immu-
noreative CaV2 channels in the distal edge of the lamellipodium.

Latrunculin B prevents the PKC-induced increase in
calcium current
The cytoskeleton regulates the insulin-dependent translocation
of the glucose transporter to the membrane (Tong et al., 2001). In
addition, cytoskeletal motors regulate ion channel function (Fu-
ruyashiki et al., 2002) and exocytosis in neurons (Muallem et al.,
1995; Lang et al., 2000). Cytoskeletal dynamics could therefore
play a role in targeting the calcium channel to sites of insertion.

To test whether polymerized actin is necessary for channel
insertion, we used inhibitors of actin that work in different ways
while treating with TPA. Latrunculin B sequesters actin mono-
mers, preventing the formation of new polymerized actin
(Brozinick et al., 2004). Treatment of bag cell neurons with la-
trunculin B alone did not produce a statistically significant in-
crease in calcium current (control, 1.38 � 0.23 nA; latrunculin B,
1.25 � 0.21 nA; n � 8). Pretreatment with latrunculin B (10 �M)
for 1 h effectively prevented the increase in calcium current pro-
duced by TPA (Fig. 3A) (from 1.53 � 0.38 nA to 1.49 � 0.36 nA;
n � 8). Cytochalasins are a group of fungal metabolites that act
differently from latrunculin B. They selectively disrupt actin fila-
ments by binding to these filaments at their plus and minus ends
and preventing filament elongation (Morton et al., 2000). They
thereby eventually cause depolymerization of actin as observed
by confocal laser scanning of neurons stained with a fluorescently
labeled phalloidin that binds to polymerized actin (Cooper,
1987). Pretreatment of the bag cell neurons with cytochalasin B
for 30 min did not prevent the increase in calcium current pro-
duced by application of TPA (from 1.15 � 0.05 nA to 2.34 � 0.08
nA; n � 4; p 	 0.0001) (Fig. 3B). Together, these results indicate
that the increase of calcium currents produced by TPA, which, as
stated previously, is likely to reflect channel activity at the soma
and proximal neurites, is dependent on actin, but suggest that
polymerization of actin monomers is necessary for the effects of
TPA (Morton et al., 2000).

Because PKC has been shown to modulate microtubule exten-

Figure 1. Activation of PKC enhances voltage-dependent calcium current and increases lev-
els of CaV2 in the plasma membrane of bag cell neurons. A, Single-electrode voltage-clamp
records of inward current carried by barium ions through calcium channels in a bag cell neuron
before and 10 min after exposure of the cells to 100 nM TPA (see Materials and Methods). The
holding potential was �55 mV and the membrane potential was stepped to potentials be-
tween �25 and �35 mV in 10 mV increments. B, Western blots showing levels of plasma
membrane CaV2 subunit (left two lanes) or CaV1 subunits (right two lanes) in clusters of bag cells
neurons in the presence or absence of the PKC activator TPA (100 nM for 30 min). Antibodies
used were to intracellular epitopes on the CaV2 and CaV1 channels (White and Kaczmarek,
1997). Plasma membrane subunits were detected on Western blots after biotinylation of cell
surface proteins followed by separation of biotinylated proteins using streptavidin agarose
beads. Results are representative of 3 independent experiments. C, Quantification of the effect
of TPA on cell surface expression of CaV2 using densitometric analysis.
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sion (Keenan and Kelleher, 1998), and because microtubules play
an important role in vesicle trafficking (Huang et al., 1999;
Prahlad et al., 2000; Gauthier et al., 2004; Yano and Chao, 2004),
we investigated whether microtubules are required for calcium
channel translocation into the plasma membrane during PKC
activation. We first tested the effects of nocodazole and taxol, two
agents that disrupt normal microtubule dynamics, on calcium
currents. These agents did not alter the peak amplitude or kinet-
ics of calcium currents in control bag cell neurons before treat-
ment with TPA. After exposure to either taxol or nocodazole,
treatment with TPA caused a large increase in calcium current
peak amplitude that could not be distinguished from the re-
sponse of control cells (with taxol, currents increased from
0.87 � 0.12 nA to 1.9 � 0.2 nA, p 	 0.005, n � 4; with nocoda-
zole, currents increased from 1.1 � 0.07 nA to 2.18 � 0.2 nA, p 	
0.002, n � 4) (Fig. 3B). The findings suggested that microtubules
are not necessary for the increase in current produced by activa-
tion of PKC.

The electrophysiological findings showed that the calcium
current of the cell as a whole was increased in response to TPA.
The studies with the antibody to the extracellular epitope sug-
gested that activation of PKC resulted in channel insertion in
certain parts of the cell, including the soma, but also, in particu-
lar, at the distal growth cone edge (the lamellipodium), which is
relatively devoid of microtubules and contains different forms of

actin (Knox et al., 1992; Nakhost et al., 2002). To arrive at this
distal edge, however, vesicles containing CaV2 channels may
move down the axon by transport along microtubules (Huang et
al., 1999; Prahlad et al., 2000; Gauthier et al., 2004; Yano and
Chao, 2004), or the channel may be inserted into the membrane
and then moved within the membrane toward the growth cone
edge. Using the antibody directed against the extracellular
epitope, the increase in immunoreactivity of CaV2 could be seen
clearly in the central region of the growth cone and in the tips of
neurites after activation of PKC (Fig. 4A,B,F). To determine
whether the effect of TPA on CaV2 immunoreactivity is specific to
these channels or results from the general insertion of membrane
associated with an increase in the lamellipodia, we also quantified
immunoreactivity of the plasma membrane marker Na�-K�

ATPase at the distal tips of lamellipodia in nonpermeabilized
control and TPA treated cells (Fig. 4G). The intensity of immu-
nofluorescence measured at the distal edge of the stained growth
cones was performed as in Figure 4F. No significant difference in
Na�-K� ATPase staining was detected between the two condi-
tions [controls, 45 � 6.7 relative fluorescence units (rfus), n � 10;
TPA-treated cells, 43 � 4.3 rfus, n � 7].

Consistent with the findings for voltage-clamp recordings,
treatment with latrunculin B effectively prevented the appear-
ance of CaV2 channel immunoreactivity in response to TPA any-
where in the plasma membrane (Fig. 4C,F). In contrast to treat-

Figure 2. Activation of PKC results in enhanced CaV2 immunoreactivity in the plasma membrane of bag cell neurons. A, Diagram showing location of epitopes against which antisera were
generated for the Aplysia CaV2 calcium channel. B, Western blot of homogenate of bag cell neurons probed with the anti-CaV2 antibody targeted to the extracellular epitope. C, Immunostaining of
nonpermeabilized GripTite 293 MSR cells transfected with Lymnaea stagnalis CaV2 channels using chicken anti-Aplysia CaV2 channel antibody targeted to extracellular epitope. Top row, Cells
transfected with LCaV2 in pIRES2-EGFP showing EGFP fluorescence (left) and colocalization of LCaV2 immunofluorescence (middle). Middle row, Cells similar to those in the first row lacking primary
antibody showing EGFP fluorescence but no LCaV2 immunofluorescence. Bottom row, Cells transfected with LCaV1 in pIRES2-EGFP showing EGFP fluorescence but no immunofluorescence. Results
are representative of eight independent experiments. Scale bar, 20 �m. D, Immunocytochemical localization of CaV2 channels in nonpermeabilized cells using an antibody to the extracellular
epitope. Cells plated from the same clusters were either incubated in nASW (left) or exposed to 100 nM TPA (right) for 30 min before fixing. The dotted line in the control indicates neurites that were
unstained or only faintly stained with antibody. Scale bars, 20 �m. E, Phase images of axons and growth cones of a control and TPA-treated cell. Fluorescent images corresponding to the areas of
detail (white boxes) are expanded below the phase images, and show immunolocalization of the �-CaV2 extracellular epitope in the absence of membrane permeabilization. Scale bars, 10 �m.

Zhang et al. • CaV2 Trafficking J. Neurosci., March 5, 2008 • 28(10):2601–2612 • 2605



ment with latrunculin B, however,
treatment with nocodazole and TPA
caused a significant increase in fluores-
cence of the neurite shaft and the central
growth cone compared with controls.
Strikingly, however, this fluorescence was
excluded from the distal growth cone edge
(Fig. 4D,F). Although the increases in flu-
orescence at the shaft and the central
growth cone were slightly larger than those
observed with TPA alone, these differences
were not statistically significant. These
findings are also consistent with the elec-
trophysiological data, which show TPA en-
hances calcium current in the presence of
nocodazole. Although channel insertion in
response to activation of PKC occurs in the
presence of nocodazole, the inserted chan-
nels appear to be mislocalized, failing to
insert at the distal growth cone edge.

Calcium channel moves to the
lamellipodium after activation of PKC
The cytoskeleton of the growth cone can be
organized into central and peripheral do-
mains. A large bundle of microtubules pre-
dominates in the central domain (C) and a
subpopulation of dynamic microtubule
plus ends penetrates into the peripheral la-
mellipodial domain (L), where actin bun-
dles comprise the radial array of filopodia
and a dense actin meshwork spans the
space between filopodia (Kabir et al.,
2001). To test the hypothesis that PKC in-
duces movement of intracellular channels
into the peripheral actin-rich lamellipo-
dium before insertion into the plasma
membrane, we examined the location of
CaV2 channels before and after activation of PKC, using an anti-
body to the intracellular epitope (Fig. 2) (White and Kaczmarek,
1997; White et al., 1998). The distribution of CaV2 was compared
with that of the actin probe phalloidin. Immunolabeling of con-
trols revealed a punctate distribution of calcium channel staining
along the inside of the neurite, and within the central region of
the growth cone, but only a small amount of immunoreactivity
was detected in the phalloidin-stained lamellipodium (n � 23; L
zone) (Fig. 5A). In TPA treated neurons, however, intracellular
channel immunoreactivity was markedly increased in this distal
actin-rich region and was colocalized there with fluorescent phal-
loidin (n � 41) (Fig. 5B). The ratio of CaV2 fluorescence (pixel
intensity) in the distal tip of the growth cone to that in the central
region of the growth cone in untreated neurites was found to be
0.32 � 0.06. The ratio of CaV2 channel staining in the distal tip of
the growth cone to the central region of the growth cone in neu-
rons treated with TPA was found to be 0.68 � 0.10 ( p 	 0.001).
After prolonged exposure to TPA (Fig. 5B, bottom), channel im-
munoreactivity at the tips of the growth cones became less punc-
tate and more diffuse, consistent with channel insertion into the
membrane. The results suggest that TPA causes the relocalization
of the channel to the distal actin-rich sites.

Usually, after activation of PKC, puncta of calcium channel
staining were seen arrayed along a straight actin filament or stain-
ing was diffusely distributed within the lamellipodium. In some

examples, however, after activation of PKC, rows of immunore-
active puncta could be seen arranged in a snakelike manner
within the distal tip of the lamellipodium, similar to that reported
for “stealth” microtubules that invade the lamellipodial region
(Kabir et al., 2001) (Fig. 5C). This finding suggested that after
activation of PKC, during transfer to the actin-rich domain,
channel could be colocalized with a microtubule within the la-
mellipodium (Nakhost et al., 2002).

To detect displacement of the CaV2 channel from the central
region of the growth cone into the lamellipodial region, we fluo-
rescently labeled both microtubules (green fluorescent tubulin
tracker) and the antibody against the intracellular epitope of
CaV2 (red fluorescence), and injected the labeled antibody into
living, cultured bag cell neurons (n � 6). Before activation of
PKC, fluorescent puncta could be observed colocalized with mi-
crotubules within the central region of the growth cone, but few
fluorescent puncta were detected within the lamellipodial region
(Fig. 6A,B). Some puncta appeared to be colocalized with dis-
crete microtubule bundles labeled with tubulin tracker (Fig.
6A,B, insets). After activation of PKC, microtubules extended
into the lamellipodial region and CaV2 fluorescent label could be
detected in puncta distributed along the microtubule extensions
(Fig. 6A,B, insets). As a control we performed experiments in
which we injected a fluorescent secondary antibody. These injec-
tions did not produce any punctate labeling characteristic of

Figure 3. Enhancement of calcium current by TPA is blocked by latrunculin B but not by cytochalasin B, taxol, or nocodazole.
A, Single-electrode voltage-clamp recordings of barium current in a control neuron before and 10 min after exposure to 100 nM

TPA and in one pretreated with latrunculin B (10 �M for 60 min). The holding potential was�55 mV and the membrane potential
was stepped to potentials between �25 and �25 mV in 10 mV increments. B, Bar graphs showing the peak calcium current at
0 mV before and after exposure to 100 nM TPA in control cells (n � 19) and in those pretreated for 60 min with latrunculin B (10
�M, n � 8), cytochalasin B (7 �M, n � 4), taxol (1 �M, n � 4), or nocodazole (100 nM, n � 4). Data are expressed as mean �
SEM. **Significant difference from control at p 	 0.001.
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CaV2-containing organelles, but produced only diffuse staining
that was unaffected by activation of PKC (Fig. 6C). The data
suggest that the CaV2 channel is translocated into the distal la-
mellipodium along microtubule extensions.

To confirm that microtubules and not actin actually deposited
channel inside the actin-rich lamellipodium, we tested whether
latrunculin treatment could block the localization of intracellular
channel to this zone in the presence of TPA. After activation of
PKC, in the fixed cells, fluorescent labeling of the intracellular
epitope of CaV2 could be detected at the very distal edge of the

growth cone in either TPA (n � 41) or
TPA/latrunculin-treated neurons (n � 16)
(Fig. 7A,C,D), suggesting that actin poly-
merization is not required for the intracel-
lular transport of the channel to the distal
lamellipodium in response to activation of
PKC. In contrast, nocodazole prevented
the increase in fluorescence at the distal la-
mellipodial edge, confirming that intact
microtubules are required for transloca-
tion through the lamellipodium up to the
plasma membrane at the edge of the cell
(n � 18) (Fig. 7B,D).

Binding of calcium channel to actin
occurs in the actin-rich lamellipodium
after activation of PKC
To test further whether the mechanism of
calcium channel translocation involves
transfer of the channel protein from micro-
tubules to actin, we incubated clusters of
bag cell neurons with and without TPA,
and we then tested for coimmunoprecipi-
tation of the CaV2 channel with actin or
tubulin. In controls, tubulin could be co-
immunoprecipitated by anti-CaV2 anti-
bodies, but no actin was detected in the im-
munoprecipitate (Fig. 8A,B). After
treatment with TPA, however, both actin
and tubulin immunoreactivity were im-
munoprecipitated with the anti-CaV2 anti-
body (Fig. 8A,B). The coimmunoprecipi-
tation of actin with CaV2 that was induced
by TPA could be prevented by pretreat-
ment of the cells with 1 �M BIS, an inhibi-
tor of PKC before exposure of the intact
cells to TPA (Fig. 8A,B,C), suggesting that
activation of PKC results in the transfer of
some channel protein between the two cy-
toskeletal proteins. Specificity of coimmu-
noprecipitation was tested using control
IgGs (Fig. 8A,B). The control IgG and the
CaV2 coimmunoprecipitations were per-
formed in parallel using the same homog-
enates from the same animals, but were run
on separate gels. Although immunopre-
cipitations are subject to many variables
that can differ from blot to blot, the fact
that there is a very strong actin immunore-
active band in total protein, but absolutely
no signal whatsoever in the control IgG im-
munoprecipitates under any of the three
experimental conditions (in the presence

or absence of TPA), suggests that nonspecific CaV2-actin coimmu-
noprecipitation only under conditions of TPA treatment is highly
unlikely. Additional control experiments in which protein was ex-
tracted from bag cell neuron clusters with and without TPA followed
by Western blotting for CaV2 demonstrated that total CaV2 protein
levels are not altered by TPA treatment (Fig. 8D).

Discussion
A PKC-induced increase in the calcium component of action
potentials occurs at the onset of neuropeptide secretion in bag

Figure 4. Translocation of CaV2 to the plasma membrane is blocked by latrunculin, but not by nocodazole. A–D, Phase
contrast (left) and immunostaining (right) of growth cones of nonpermeabilized cells with antibody to the extracellular epitope
of CaV2. Dotted lines outline the shafts (S) of the neurites, the central organelle-rich region of the growth cone (C) and the flat
lamellipodium (L) that is relatively devoid of organelles. Examples are shown of a control growth cone (A), one exposed to 100 nM

TPA (B), one pretreated with latrunculin B (10 �M) before TPA application (C), and one pretreated with nocodazole (100 nM)
before TPA application (D). E, Phase contrast (left) and immunostaining of nonpermeabilized growth cones (right) with an
antibody to an intracellular epitope (tubulin), showing that the cell has not been permeabilized by the procedure. Scale bars, 10
�m. F, Bar graphs plot surface anti-CaV2 fluorescence of stained growth cones as the mean intensity per unit area at the distal
edge of lamellipodia, in the central region of the growth cones and in the shaft of neurites, in the presence or absence of TPA with
and without pretreatment with latrunculin B (10 �M) or nocodazole (100 nM). Data represent mean � SE. For controls, n � 5; for
TPA-treated, n�13, for latrunculin B with TPA, n�12, and for nocodazole with TPA, n�8. G, Immunostaining of growth cones
for the plasma membrane marker Na �-K � ATPase in control and TPA treated cells. The dotted lines in images outline the distal
edge of the lamellipodia.
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cell neurons (Conn et al., 1989a). Our cur-
rent findings have demonstrated directly
that, after activation of PKC, CaV2 channels
are rapidly inserted into the plasma mem-
brane of BCNs from an internal pool of
CaV2-containing granules. In resting neu-
rons, before PKC activation, there was little
biotinylation of cell surface CaV2 channels,
which correlates well with the finding that
the 24 pS PKC-regulated calcium channels
cannot be detected by patch-clamp tech-
niques before PKC activation (Strong et al.,
1987). The weak CaV2 staining that could
sometimes be detected at the soma in control
cells may reflect either a basal level of PKC
activation in these cells, or that a small frac-
tion of CaV2 channels is resident in the mem-
brane before PKC activation.

Enhancement of calcium current through
the activation of PKC leads to new sites of
calcium influx at two locations, the soma and
the distal tips of growth cones (Knox et al.,
1992). Because both the PKC-induced in-
crease in macroscopic calcium current,
which likely reflects primarily channel activ-
ity at the soma, and the appearance of surface
CaV2 channels at growth cone terminals
could be inhibited by latrunculin B, the find-
ings suggest that a similar mechanism of
channel recruitment, requiring actin poly-
merization from monomers, occurs at both
locations.

Because the surface to volume ratio of ter-
minals is much greater than that of somata, it
is likely that channels at terminals represent a
small fraction of the channels of the cell.
Nevertheless, because neuropeptide secre-
tion occurs in neurites, these channels within
terminals play an important physiological
function. Indeed, our current findings have
demonstrated that, after activation of PKC
there is a rapid trafficking of CaV2-
containing organelles along microtubules
into the distal actin-rich growth cone edge
before insertion, possibly correlated with the
onset of competence for neurosecretion.

Spatial and temporal regulation of actin
rearrangements play roles in a wide array of
cell functions (Watson et al., 2004). In BCNs,
the neurites contain filamentous and globu-
lar actin, with tracks of microtubules. In con-
trast, the distal growth cone contains several
forms of actin, and usually excludes micro-
tubules (Nakhost et al., 2002), but “stealth”
microtubules invade the actin-rich region af-
ter activation of PKC (Kabir et al., 2001).
Our finding that tubulin can be coimmuno-
precipitated with CaV2 subunits is likely to
reflect the association of the CaV2 containing
organelles with both axonal microtubules, as well as with the
lamellipodial “stealth” microtubules, although, in such coimmu-
noprecipitation experiments we cannot exclude the possibility
that the channel subunits bind monomeric tubulin. Nevertheless,

our findings that the interaction of the cytoskeletal proteins actin
and tubulin are required for trafficking and insertion into the
plasma membrane of CaV2 subunits provide new roles for them
in the rapid modulation of neuronal excitability.

Figure 5. Calcium channels colocalize with actin in the lamellipodia of bag cell neurons after activation of PKC. CaV2
subunits were localized using an antibody to an intracellular epitope in permeabilized cells. A, B, Panels show staining for actin,
CaV2, and the superimposed pattern of staining for two representative control untreated growth cones (A) and for two treated
with 100 nM TPA for 30 min or 90 min (B; top and bottom respectively). Dotted white lines indicate the distal edge of the growth
cone membrane, lamellipodium is labeled L and the central domain is labeled C on the top, merged image. C, Another example
of the superimposed pattern of actin and CaV2 staining in a TPA-treated growth cone. Blue arrows point to the central and distal
ends of a linear array of CaV2 immunoreactive puncta in the lamellipodium. D, A higher power view of the image in C showing
the distal edge of the growth cone.
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Interactions with actin influence the behavior and localization
of many ion channels (Cantiello, 1995; Furukawa et al., 1996;
Levin et al., 1996; Mazzanti et al., 1996; Jing et al., 1997; Nakahira
et al., 1998; Shimoni et al., 1999; Shimoni and Rattner, 2001) It is
interesting that of the two agents used in this study to disrupt
actin filaments, cytochalasin B and latrunculin B, only the latter
was capable of inhibiting the increase in calcium current in re-
sponse to activation of PKC. Differences in the cellular effects of
these two agents have been reported previously (Morales et al.,
2000; Bricker et al., 2003; Hubchak et al., 2003; Zeidan et al.,
2003) and likely reflect the different mode of action of the two
agents. Cytochalasins selectively disrupt actin filaments by pre-
venting filament elongation (Morton et al., 2000), whereas la-
trunculin B sequesters actin monomers (Brozinick et al., 2004),
preventing the formation of newly polymerized actin. It therefore
seems likely that insertion of CaV2 into the plasma membrane
requires nucleation of actin monomers into a new polymer,
rather than involvement of previously polymerized actin fila-

ments. Activities that result in the process
of de novo actin polymerization could in-
clude PKC-dependent reorganization of
the cytoskeleton similar to that reported to
occur during exocytosis of neurotransmit-
ter (Bernstein and Bamburg, 1989; Mual-
lem et al., 1995; Lang et al., 2000; Furu-
yashiki et al., 2002) and insulin-dependent
recruitment of glucose transporter 4
(GLUT4) receptors (Omata et al., 2000).
PKC-dependent de novo actin nucleation
on vesicular ion channels may involve mol-
ecules such as neural Wiskott-Aldrich syn-
drome protein, the arp2/3 complex, and
Rho GTPases (Miki and Takenawa, 2003).

Another possible effect of activation of
PKC is to depolymerize the established ac-
tin filament network, removing a barrier to
vesicle trafficking and docking, and
thereby promoting translocation (Mual-
lem et al., 1995). These actions of PKC
would not necessarily be at odds with the
process of de novo polymerization of actin.
Both processes may occur during fusion
events. In addition, the combined actions
of microtubules and actin may be impor-
tant for the proper localization of the intra-
cellular channel before insertion. Although
nocodazole did not block the insertion of
CaV2 channels, PKC activation in the pres-
ence of this agent preferentially increased
plasma membrane CaV2 staining on the
neurite shaft and central growth cone, al-
though the localization to the distal growth
cone edge was disrupted. Nocodazole dis-
organizes microtubule tracks, possibly
contributing to this mislocalization.

Changes in neuronal excitability and
neuropeptide release from adult bag cell
neurons are evoked by brief stimulation of
an afferent input from the head ganglia.
The changes in excitability endure for �30
min, but the release of neuropeptide can
occur for over 1 h after the initial stimula-
tion (Wayne et al., 1999), suggesting that

long-term changes in the architecture of the sites of neuropeptide
release at the axon endings may occur. Onset of the change in
excitability (afterdischarge) is associated with the activation of
PKC (DeRiemer et al., 1985; Strong et al., 1987; Knox et al., 1992;
White et al., 1998; Wayne et al., 1999). In neuronal growth cones,
activation of PKC results in extension of microtubules into the
actin-rich lamellipodial region (Kabir et al., 2001), consistent
with the possibility that such extension permits insertion of
membrane proteins at the distal edge. In the BCNs stimulation of
an afterdischarge leads to the activation of multiple protein ki-
nases. These kinases act in concert to produce a structural mod-
ification of the tips of neurites, rapidly transforming them into
bulbous endings filled with neuropeptide granules adjacent to the
newly inserted calcium channels (Knox et al., 1992; Azhderian et
al., 1994). These newly restructured sites are likely to represent
new sites of release for the peptide transmitters of these neurons.
Our observations suggest that PKC may regulate the trafficking of
the CaV2 calcium channels into and out of cell membranes in

Figure 6. CaV2 channels move along microtubules into the distal lamellipodium in live neurons. A, Images of a growth cone in
a live neuron treated with green fluorescent tubulin tracker, and injected with fluorescently tagged-antibody against the intra-
cellular epitope of CaV2 (red fluorescence). The top shows the tubulin and CaV2 staining and superimposed images of both signals
before treatment with TPA. White arrows indicate the extent of detectable microtubule staining. The area within the blue box in
the merged image is magnified in the inset at right. The bottom shows images of the same cell 5 min after exposure to 100 nM TPA.
The yellow arrow in the inset shows localization of CaV2 puncta along a microtubule. B, Merged images of tubulin tracker and
CaV2 staining in another neuron injected with fluorescently tagged anti-CaV2 antibody before and after exposure to TPA. White
arrows indicate extent of detectable microtubule staining. The areas within the blue boxes are magnified in the insets at right and
correspond to the junction between the central region and the lamellipodium. C, Phase and fluorescent image of a neuron
injected with secondary anti-rabbit Cy3, and treated with 100 nM TPA. Scale bars: A–C, 10 �m; insets, 2 �m.
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neurite endings in response to stimuli that alter neurotransmitter
release.

Work with Lymnaea neurons has demonstrated that CaV2
subunits are associated with their � subunits at mature release
sites, but that the � and � subunits are uncoupled at the leading
edge of growth cones of outgrowing neurites, and that � subunit
mRNA can be locally translated in growth cones (Spafford et al.,
2004). Interestingly, Cav� and CaV2 � subunits appear to be as-
sociated with different cytoskeletal elements in immature growth
cones (Spafford et al., 2004). It is tempting to speculate that the
association between � and � subunits is regulated by PKC and/or
by changes in the association of these subunits with the cytoskel-
eton. (Spafford et al., 2004).

PKC is activated by stimulation of the input to the BCNs
(Wayne et al., 1999) and also by binding of insulin to its receptor,
which modulates both ion currents and neurosecretion (Jonas et
al., 1996; Sossin et al., 1996). In other cell types, such as adipo-
cytes, the binding of insulin to its receptor activates the translo-
cation of the glucose transporter (GLUT4) from an intracellular
vesicle to the plasma membrane (Watson et al., 2004), possibly
after rapidly occurring actin remodeling (Muallem et al., 1995;
Lang et al., 2000; Tong et al., 2001). The actions of insulin in the
nervous system of many species including Aplysia, Drosophila, C.
elegans, and rodents have important implications for regulation
of metabolism, lifespan, and the normal physiological processes
of learning and memory (Skeberdis et al., 2001; Dillin et al., 2002;
Hertweck et al., 2004; Corl et al., 2005). In addition, the coordi-
nation of the addition of new membrane, modulation of ion
currents, and clustering of neurotransmitter-containing vesicles
is a general requirement for synapse formation (Ziv and Garner,
2004).
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